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lation was found to be more effective for slender tanks in comparison with broad tanks.
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lsevier1. Introduction
Liquid storage tanks have always been an important link in the
distribution of water, chemical and reﬁned petroleum prod-
ucts. The seismic performance of these tanks has been a matter
of special importance, beyond the economic value of the struc-
ture, due to the requirement to remain functional after a major
earthquake event. Water supply is essential immediately fol-
lowing destructive earthquakes, not only to cope with possible
subsequent ﬁres, but also to avoid outbreaks of disease. An-
other reason is the potential danger associated with the failure
of tanks containing highly inﬂammable products, which can
lead to extensive uncontrolled ﬁre, while possible spillage of
such contents might cause extensive environmental damage
and affect populated areas.
In the past, failure of a number of ground supported liquid
storage tanks occurred. Such failures generated lot of interest
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that conventional strengthening of tanks does not ensure abso-
lute safety during strong earthquake ground motions, engi-
neering researchers are developing other techniques such as
base isolation for the protection of liquid storage tanks. For
example, Malhotra [1] presented a new method for seismic iso-
lation of cylindrical, ground-supported, liquid storage steel
tanks by disconnecting the wall of the tank from the base plate
and supporting it on a ring of horizontally ﬂexible bearings.
Wang et al. [2] studied the seismic isolation of rigid cylindrical
ground tanks using friction pendulum bearings (FPS). Shri-
mali and Jangid [3] investigated the seismic response of liquid
storage tanks isolated by lead-rubber bearings under bi-direc-
tional earthquake excitation. Shrimali and Jangid [4] studied
the response of liquid storage ground tanks isolated by sliding
systems. Seleemah [5] studied the performance of various de-
grees of frictional coefﬁcients of sliding isolation systems due
to short and long-term contamination of the sliding interfaces.
Shrimali and Jangid [6] presented three analytical studies for
the seismic response of base-isolated ground liquid storage
tanks. Cho et al. [7] studied the seismic response of base-iso-
lated liquid storage tanks considering ﬂuid–structure–soil
interaction in the time domain using a coupling method that
combines the ﬁnite elements and boundary elements. Grego-
riou et al. [8] conducted a seismic analysis of liqueﬁed natural
gas tanks isolated by rubber bearings. The problem was solved
numerically by means of a detailed ﬁnite element model, taking
into account ﬂuid–structure interaction effects. Shekari et al.
[9] studied seismically isolated cylindrical liquid storage tanks
using a coupled boundary element-ﬁnite element to represent
the ﬂuid–structure interaction. Abalı and Uckan [10] studied
both broad and slender tanks isolated by FPS bearings. They
utilized Haroun and Housner’s [11] model to represent the
ﬂuid. Moreover, they took the effects of overturning moments
and vertical accelerations on the variation of the axial load of
the bearings into consideration.
In this paper, the seismic response of cylindrical liquid stor-
age ground tanks isolated by elastomeric or sliding bearings is
investigated. The speciﬁc objectives of the study are: (i) to
investigate the effectiveness of elastomeric or sliding bearings
for seismic isolation of liquid storage tanks by comparing
the response of the tank with and without isolation; (ii) to
investigate the inﬂuence of various parameters, such as tank
aspect ratio, isolation period, and the friction coefﬁcient of
an FPS system, on peak responses of the tanks. The present
study includes two types of elastomeric bearings (NZ and
HDRB systems) and one type of sliding bearings (FPS system).Figure 1 Mechanical analog proposed by Haroun and Housner
[11] for ﬂexible cylindrical tank.2. Simpliﬁed ﬂuid–structure interaction
The seismic analysis of liquid storage tanks is complicated due
to ﬂuid–structure interaction of the system. Therefore, com-
plex actions must be taken into account. First of all, the con-
tained liquid is interacting with the tank wall. Seismic energy is
transferred from the ground to the ﬂuid through the motion of
the tank. A portion of the liquid accelerates with the tank, act-
ing as an added mass; the remaining liquid is assumed to slosh.
Sloshing occurs in the upper part of the liquid, which does not
displace laterally with the tank wall, generating seismic waves.
In an effort to simplify the analysis, Haroun and Housner [11]
developed a three-degree-of-freedom model of a ground-sup-ported cylindrical tank that takes tank wall ﬂexibility into ac-
count. Following is a review of this model.
The contained liquid is considered as incompressible, invis-
cous and has irrotational ﬂow. During the base excitation, the
entire tank liquid mass (m) vibrates in three distinct patterns,
such as sloshing or convective mass (mc) (i.e. top liquid mass
which changes the free liquid surface), impulsive mass (mi) (i.e.
intermediate liquid mass vibrating along with tank wall) and ri-
gidmass (mr) (i.e. the lower liquidmasswhich rigidlymoveswith
the tank wall). While there are several modes in which sloshing
and impulsive masses vibrates, the response can be predicted by
considering only the ﬁrst sloshing mode and the ﬁrst impulsive
mode. Therefore, the continuous liquid with ﬂexible tank can
be modeled as three lumped masses (see Fig. 1).
The convective and impulsive masses are connected to the
tank by corresponding equivalent springs. The various equiva-
lent masses and associated natural frequencies of the tank li-
quid are expressed as:
Yc ¼ mc
m
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where H is the liquid height, R is the tank radius, S=H/R is
the aspect ratio (ratio of the liquid height to radius of the
tank), the non-dimensional parameters Yc, Yi and Yr are mass
ratios associated with convective, impulsive and rigid masses
of the tank liquid, respectively; qw is the mass density of liquid;
xc and xi are the convective and impulsive frequencies, respec-
tively; E and qs are the modulus of elasticity and density of
tank wall, respectively; g is the gravity acceleration and P is
a non-dimensional parameter associated with frequency of
impulsive mass. The parameters Yc, Yi, Yr and P are function
of the aspect ratio of the tank S, given by the following
relation.
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ð8ÞThe effective heights Hc, Hi and Hr in terms of liquid height,
H, are expressed as:
Hc ¼ lcH ð9Þ
Hi ¼ liH ð10Þ
Hr ¼ lrH ð11Þ
The equivalent stiffness and damping of the convective and
impulsive masses are expressed as:
Kc ¼ mcx2c ð12Þ
Ki ¼ mix2i ð13Þ
Cc ¼ 2fcmcxc ð14Þ
Ci ¼ 2fimixi ð15Þ
where fc and fi are the damping ratios of convective and
impulsive masses, respectively.
3. Modeling of isolation systems
Program 3D-BASIS-ME designed by Tsopelas et al. [12] was
utilized in this study to model the tanks including the isolationFigure 2 Idealized hysteretic force–displacement relation of NZ
system.system. Following is a brief review of the models of different
isolation systems used in this study.3.1. Lead rubber bearing system (NZ system)
The behavior of lead-rubber bearings is represented by a bilin-
ear hysteretic model. Fig. 2 shows an idealized force–displace-
ment relation of a lead-rubber bearing. The characteristic
strength, Qd, is related to the lead plug area. The model is char-
acterized by three parameters, namely, the post-to-pre-yielding
stiffness ratio a, the yield force Fy, and the yield displacement
Dy for lead-rubber bearings in which the elastic stiffness Kelastic
is approximately equal to 6.5 the post yield stiffness Kpost-elastic,
i.e., a= 0.154, the yield displacement and yield force can be
estimated utilizing the expressions given by FEMA [13], Yang
et al. [14], and ASCE [15].
3.2. High damping rubber bearing system (HDRB system)
The behavior of HDRB system is represented by stiffening
hysteretic model. Fig. 3 shows an idealized force–displacement
relation of a high-damping rubber bearing. The model is char-
acterized by six parameters, namely, the characteristic strength
Q, tangent stiffness K1, tangent stiffness K2, Displacement lim-
it D1, displacement limit D2, and yield displacement Dy.
3.3. Friction pendulum system (FPS system)
The behavior of friction pendulum bearings is represented by
hysteretic model. Fig. 4 shows an idealized force–displacementDISPLACEMENT
FORCE
D2D1
K1
K2
-D2 -D1
DY
Q
Figure 3 Stiffening hysteretic model of HDRB system.
Figure 4 Modeling of a friction pendulum bearings: (a) idealized
force–displacement loop and (b) relation of friction coefﬁcient
with velocity of sliding and pressure.
36 A.A. Seleemah, M. El-Sharkawyloop of a friction pendulum bearing. The model is character-
ized by six parameters, namely, the radius of curvature of
the concave surface of the bearing R, maximum coefﬁcient
of sliding friction at almost zero pressure fmax, minimum coef-
ﬁcient of sliding friction fmin, constant which controls the tran-Table 1 Properties of tanks.
Type of tank H
(ft)
R
(ft)
S=H/R ts of wall
(in.)
ts of basemat
(ft)
Broad 40 60 0.667 1 1.5
Slender 74.4 44 1.69 1.898 1.75
Figure 5 Idealized tank model of (a)sition of coefﬁcient of sliding friction from maximum to
minimum, a; yield displacement, Dy; and initial normal force
at the sliding interface (static condition), N. The coefﬁcient
of sliding friction is modeled by the equation suggested by
Tsopelas et al. [12] as following:
ls ¼ fmax  ðfmax  fminÞ expðajUjÞ ð16Þ
where U is the velocity of sliding, a is a parameter which con-
trols the variation of the coefﬁcient of friction with velocity.
Values of parameters fmax, fmin and a have been reported in
Tsopelas et al. [12], and Mokha et al. [16]. In general, param-
eters fmax, fmin and a are functions of bearing pressure as shown
in Fig. 4b. While the overturning effect was taken into consid-
eration, the frictional properties were assumed to be only
dependent on the instantaneous sliding velocity.
4. Numerical analysis of broad and slender tanks
The properties of the studied cylindrical broad and slender
tanks are given in Table 1. The tank is considered as ﬁlled to
a height H with water. For steel wall the modulus of elasticity
is taken as E= 29000 Kips/in.2 and the unit weight,
qs = 0.49 Kips/ft
3. The liquid storage tank is represented by
the mechanical system illustrated in Fig. 1 for broad or slender
tanks on the basis of the theory of Haroun and Housner [11]
which takes into account the deformability of the tank wall
and sloshing of the ﬂuid. For the convective mass, damping ra-
tio is considered to be 0.005 (damping for water) and for the
impulsive mass, damping is deﬁned to be 0.02 for a steel cylin-
drical tank responding in the linear elastic range.
Fig. 5 represents the model of broad and slender tanks that
were used in this study. The oscillators in Fig. 5 are repre-
sented as single storey, shear-type structures connected to the
center of mass of the basemat. The rigid mass is rigidly at-
tached to the concrete basemat, raising its weight. For com-
plete investigation of the seismic behavior of liquid storage
tanks, key response parameters will be compared. The main re-
sponse quantities of interest are the base shear over weight of
the tank (Vs/W), the convective displacement (Xc), the impul-
sive displacement (Xi) and the isolation system displacement
(Xb).broad tank and (b) slender tank.
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5.1. Effect of base isolation
Time variations of various response quantities of broad and
slender tanks subjected to El-Centro ground excitation are
illustrated in Figs. 6 and 7, respectively. The responses are
shown for both isolated and non-isolated conditions. It is ob-
served that base shear over weight (Vs/W) and impulsive dis-
placement (Xi) of the isolated tanks for all isolation systems
are signiﬁcantly reduced in comparison to those without isola-
tion system. These results are in agreement with those observed
by Wang et al. [2], Shrimali and Jangid [3,4], Seleemah [5],
Gregoriou et al. [8], Shekari et al. [9] and Abalı and Uckan
[10]. The reduction in base shear leads to reduction in the tank
wall thickness and hence more economic design. Moreover, the
reduction in the impulsive displacement means reduction in the
actions that cause local buckling in the tank wall. Such
reductions will, of course, lead to a superior tank performance
during earthquakes. It is also observed that, as a result of iso-
lation, there is a moderate increase in the convective displace-
ment. This is due to the high ﬂexibility associated with the
convective mass which brings its natural period closer to that0 5 10 15 20
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Figure 7 Time variation of response quantities of slender ground
tank under El-Centro earthquake (Tb = 2 s, fb = 0.1,
fmax = 4.5% and fmin = 3%).
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Figure 6 Time variation of response quantities of broad ground
tank under El-Centro earthquake (Tb = 2 s, fb = 0.1,
fmax = 4.5% and fmin = 3%).of the isolated tank period. However, such behavior has no
practical consequences except for the need to increase the clear
height above the liquid surface.
The peak response quantities for broad and slender tanks
under the earthquakes considered are tabulated in Table 2. It
is observed that, the average reduction percentage in the base
shear are 63% and 81%; and in the impulsive displacement are
73% and 88% for broad and slender tanks, respectively. Fur-
ther, the reduction of base shear and impulsive displacement
for slender tank is signiﬁcantly greater than that for the broad
tank, implying that the seismic isolation is more effective for
slender tanks. This observation is in agreement with that re-
ported by Shekari et al. [9]. Overall results indicate that the
FPS system is more effective to reduce both base shear and
base displacement responses in comparison to NZ or HDRB
systems.
5.2. Effect of tank aspect ratio
In order to investigate the behavior for a wide practical range
of liquid storage tanks, the effect of change aspect ratio (H/R)
from 0.5 to 4.0 on the peak response quantities are shown in
Figs. 8 and 9. It should be mentioned that in all cases of aspect
ratios the volume of the water tank was kept constant at
452389 ft3 and the total isolated weight was kept constant at
 (a)                             (b) 
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Figure 8 Effect of aspect ratio on peak response of the isolated ground tank (Tb = 2 s, fb = 0.1, fmax = 4.5% and fmin = 3%): (a) base
shear over weight and (b) base displacement..
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Figure 9 Effect of aspect ratio on peak response of the isolated ground tank (Tb = 2 s, fb = 0.1, fmax = 4.5% and fmin = 3%): (a)
impulsive displacement and (b) convective displacement.
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Figure 10 Effect of isolation period on peak seismic response of isolated tanks.
Table 2 Peak responses of broad and slender ground tanks.
Earthquake Type
of tank
Non-isolated tank Isolated tank
Xc (in.) Xi (in.) Vs/W N-Z system HDRB system FPS system
Xc (in.) Xi (in.) Xb (in.) Vs/W Xc (in.) Xi (in.) Xb (in.) Vs/W Xc (in.) Xi (in.) Xb (in.) Vs/W
Imperial
Valley 1940
Broad 10.91 0.38 0.39 10.70 0.05 3.30 0.10 10.26 0.06 2.62 0.10 10.90 0.07 2.32 0.10
Slender 8.50 0.93 0.64 10.95 0.15 6.67 0.17 10.53 0.14 4.88 0.16 10.26 0.19 4.23 0.15
Northridge
N90S 1994
Broad 14.30 0.64 0.75 16.30 0.12 8.15 0.20 16.91 0.14 8.62 0.26 16.86 0.14 6.46 0.21
Slender 16.30 3.80 2.41 29.30 0.26 13.00 0.31 27.15 0.34 10.98 0.38 25.10 0.25 8.63 0.26
Kobe
N00S 1995
Broad 8.93 0.51 0.78 15.50 0.18 14.80 0.34 20.20 0.30 14.74 0.57 15.70 0.22 13.50 0.39
Slender 11.10 3.54 2.19 17.95 0.28 12.55 0.30 17.93 0.51 13.60 0.51 16.11 0.30 11.10 0.33
Seismic response of base isolated liquid storage ground tanks 3931550 Kips. It is observed that the base shear of the non-iso-
lated tank is very sensitive to the change of the aspect ratio
and to the change of the driving motion also. On the otherhand, using any of the three isolation systems considerably re-
duced the base shear. Moreover, the base shear of isolated
tanks is not signiﬁcantly inﬂuenced by the aspect ratio and it
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Figure 11 Effect of friction coefﬁcient on peak seismic response of the isolated ground tank with FPS system (Tb = 2 s).
40 A.A. Seleemah, M. El-Sharkawycan be seen that the NZ and FPS systems are slightly better
than the HDRB system. The base displacement is nearly ﬂat
for aspect ratios in the range 2–4, with the lowest response
associated with FPS system.
Fig. 9 shows that the impulsive displacement of the
non-isolated tank considerably increases with the aspect ratio
leading to high probability of local buckling occurrence in
the steel walls of the tanks. On the other hand, the impulsive
displacements of the isolated tank are not only much less than
those of the non-isolated tank but also show a very slight in-
crease with the aspect ratio (low probability of local buckling
occurrence in steel wall of the tank). Again NZ and FPS sys-
tems are slightly better than the HDRB system.
Fig. 9 also shows that in general the convective displace-
ment increases with the aspect ratio of the tank. In the case
of isolated tank the convective displacement increases by an
order of 20–70% due to overall ﬂexibility of the system caused
by seismic isolation. Such increase requires that the clear
height of the tank should be increased to prevent spillage of
the contained liquid or extra forces acting on the tank roof.
The FPS system has the least convective displacement as com-
pared to NZ or HDRB systems.
From the results shown in Figs. 8 and 9 it can be stated that
seismic isolation is quite effective in the reduction of mostimportant response values (base shear and impulsive displace-
ment) for all aspect ratios. Moreover, the use of FPS system
gives superior performance as compared to NZ or HDRB sys-
tems. Nevertheless, the clear height over the liquid surface
should be increased especially in slender tanks.
5.3. Effect of isolation period
Fig. 10 show the variation of peak response of broad (H/
R= 0.67) and slender (H/R= 1.69) tanks against the
isolation period. It is observed that, as the ﬂexibility of isola-
tion system increases the peak base shear reduces. This is
due to the fact that increased ﬂexibility of the isolation systems
transmits less acceleration to the structure. Moreover, for a
relatively short isolation period (say less than 3.0 s) the base
shear is signiﬁcantly dependent on the earthquake excitation.
However, as the isolation period approaches 5.0 s, nearly all
systems result in a very narrow band of base shear level even
for different earthquakes and different aspect ratios. The base
displacement seems to be nearly ﬂat for T> 3.5 s. The convec-
tive displacements of the tank are earthquake dependent and
generally decrease with the increase of the period of the isola-
tion system. Thus, using isolation period of 4.0–5.0 s might be
recommended.
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Figure 12 Effect of bearing damping on peak seismic response of isolated ground tank with NZ system (Tb = 2 s).
Seismic response of base isolated liquid storage ground tanks 415.4. Effect of friction coefﬁcient of FPS system and damping of
NZ system
The effect of coefﬁcient of friction, lmax, and bearing damping
of NZ system on the resulting response of isolated broad and
slender tanks are shown in Figs. 11 and 12, respectively. Gen-
erally speaking, increase of the friction coefﬁcient or bearing
damping dissipates more seismic energy and hence causes most
response parameters to decrease.
6. Conclusions
From the results of the present study, the following conclu-
sions can be stated:
 Base isolation is quite effective in reducing the earthquake
response of ground liquid storage tanks, base shear reduc-
tions ranged between 50% and 90% and impulsive displace-
ment reductions ranged between 65% and 90%.
 The base isolation is more effective for slender tanks in
comparison with broad tanks.
 There is a moderate increase (20–70%) in the convective
displacement when the tank is seismically isolated especiallyfor high aspect ratios. Nevertheless, the clear height over
the liquid surface should be increased to overcome such
disadvantage.
 Performance of FPS system proved to be better as com-
pared to the other isolation systems.
 For the non-isolated tanks, the base shear and the impulsive
displacement are signiﬁcantly affected by the aspect ratio
and the exciting earthquake also. On the other hand, for
the isolated tanks, these response parameters are signiﬁ-
cantly reduced and show negligible dependency on the
aspect ratio. This holds true for all types of utilized isola-
tion systems.
 The impulsive displacements of the non-isolated tanks con-
siderably increase with the aspect ratio leading to high
probability of local buckling occurrence in the steel walls
of the tanks. On the other hand, for the isolated tanks they
are not only signiﬁcantly reduced but also show a negligible
increase with the aspect ratio leading to low probability of
local buckling occurrence in steel walls of the tanks.
 Increase in the friction coefﬁcient of FPS system or bearing
damping of NZ system dissipate more seismic energy and
hence causes most response parameters to decrease.
 Isolation period of 4.0–5.0 s can be recommended.
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